4 He thin films adsorbed on 10 nm diameter multiwall carbon nanotubes are used to make the first measurement of the thermal expansion coefficient normal to the film surface, and to probe the superfluid onset temperature as a function of the film thickness. The nanotubes provide a highly ordered carbon surface, with layer-by-layer growth of the adsorbed film as shown by oscillation peaks in the third sound velocity at the completion of the third, fourth, and fifth atomic layers, arising from oscillations in the film compressibility. The high sensitivity of the third sound to film thickness allows a measurement of the thermal expansion coefficient, which is found to display a large-amplitude oscillation between positive and negative values, precisely out of phase with the compressibility oscillation. The linear slope of the superfluid onset temperature with thickness is found to be anomalous, a factor of three smaller than the universal value predicted by the Kosterlitz-Thouless theory.
Carbon surfaces have been found to be ideal substrates to study the adsorption properties of noble gas atoms [1] . The hexagonal carbon rings form a highly ordered 2D atomic surface over distances that can exceed several hundred lattice constants, and this leads to layer-by-layer growth of the adsorbed films. Studies with adsorbed 4 He [2, 3] have shown a complex series of 2D phase transitions in the first two layers, between commensurate and incommensurate solids, and coexisting liquid and gas phases [4] [5] [6] [7] [8] . The third layer is thought to primarily consist of gas-liquid coexistence, while the fourth and higher layers are assumed to be predominantly liquid, now with the underlying first two layers solid [4, 9] .
The onset of superfluidity in these films has shown unusual features. Torsion oscillator measurements at low temperatures [4] found superfluidity beginning at 1.85 layers, but it then disappeared on increasing the coverage to 1.95 layers, and in this region the superfluid density had an unusual logarithmic temperature dependence. More recent measurements [8] have confirmed this reentrant behavior, which is quite different from the very rapid drop of the superfluid density to zero known to occur in the 2D Kosterlitz-Thouless (KT) transition [10, 11] in films on more disordered substrates such as glass [12] and Mylar [13] . It has been suggested that the superfluid transition in this region is not due to the excitation of vortex pairs, but arises from a density-wave ordering of low-energy roton-like excitations [8] . On increasing the coverage the superfluidity then reappeared at 2.3 layers, exhibiting the characteristics of a finite-size broadened KT transition [14, 15] , and this was tentatively ascribed to the gas-liquid coexistence which results in interconnected superfluid "puddles" of finite radius [4] .
It is only in the fourth layer that the superfluid transition begins to more closely resemble the characteristics of the KT transition seen on other substrates, with a sharp drop in the superfluid density at a critical temperature T KT . Crowell and Reppy [4] compared their Grafoil torsion oscillator signal near 3.6 layers with the previous data on a Mylar substrate [16] that had nearly the same value of T KT (but a different film thickness), and concluded that the two substrates agreed "reasonably well" with the KT theory. However, it is unclear if such a comparison is entirely valid, since the surface of Mylar is extremely rough and disordered on atomic scales. A more rigorous test of the KT theory is the predicted universal slope of the areal superfluid density σ s at T KT [17] ,
where m is the helium atom mass. As found previously [18, 19] , σ s = ρ s (d − D) with ρ s the bulk superfluid density, d the film thickness, and D the effective "dead layer" thickness that defines the T = 0 onset thickness. As noted below we find little evidence of normal fluid excitations below 1 K other than vortex pairs, so ρ s = ρ, the bulk helium density, and taking one layer to be 3.58Å gives the equivalent slope
We have tested this relation using third sound measurements of 4 He films adsorbed on multiwall carbon nanotubes, and find that the measured slope is a factor of more than three times smaller than the universal KT prediction over a thickness range of 3 to 4.4 atomic layers. We also found that the very high sensitivity of third sound to the film thickness allows us to measure for the first time the thermal expansion coefficient of these films, finding a large-amplitude oscillation that varies both positive and negative with film thickness.
Third sound is a thickness wave in the film, where since the normal fluid is viscously locked to the substrate, only the superfluid component oscillates, giving rise to an accompanying temperature oscillation. The Van der Waals interaction between the substrate and the helium provides the restoring force, and for an incompressible film the speed of the wave is given by [18, 19] 
where for a carbon substrate the Van der Waals constant γ is taken as 44 K layers 3 [9] . On a cylindrical substrate the value of γ is reduced by the curvature, but a calculation [20] shows that for our diameter scales of 11-12 nm the reduction is less than 1%, so we ignore such corrections. The nanotubes used in these experiments are a commercial sample of multiwall tubes with a very tight distribution of diameters (as reported by the manufacturer [21] ), 10±1 nm, average length 2 µm, and average inner diameter 3 nm. The tight distribution actually did not turn out to be terribly significant, as we found rather similar results with a previous sample containing a range of diameters between 8 and 30 nm [22] . 0.69 grams of the nanotube powder are lightly packed into a Plexiglass annulus of 3.5 cm mean diameter, 1.1 cm width, and 5 mm depth, pressed with a Plexiglass cover containing four bolometers at 90
• spacing. The plastic container became necessary when preliminary results showed that contact between the nanotubes and copper walls degraded the temperature oscillation of the third sound. The plastic did not particularly impair thermal contact with the adsorbed films, as monitoring the sound velocity versus time after a typical temperature step of 30 mK showed equilibrium was achieved in less than 15 minutes for the worst-case thinnest films at the lowest temperatures. The bolometers are current-biased 200 Ω AllenBradley resistors (from the 1960's) with the case half-sanded off to expose the element; these get to hundreds of MΩ below 1 K. Since the nanotubes remained semiconducting below 1 K, it was necessary to interpose a Nuclepore filter between the nanotubes and the bolometer. It was found that a heater wire in the nanotube powder could not excite the third sound substantially without excessive dc heating, and hence a mechanical vibration source was attached to the outside of the copper cell sealing the nanotube assembly: a superconducting coil positioned about 2 mm from a neodymium permanent magnet attached to a copper 1 K shield. A power-amplified ac signal was applied to the coil to generate the fundamental mode of the annular resonator (150-300 Hz) where one wavelength
3 " . % fits into the mean circumference of the annulus. Slow frequency sweeps or passband-filtered noise drive voltages were employed in the vicinity of the resonances, with FFT analysis of the bolometer signals. Maximum S/N ratios in excess of 100 were found for thicker films in the fifth layer and above, but this degraded to factors of 3-4 in the thinnest films near the third-layer completion, requiring signal-averaging times of 40-60 minutes. We could not observe any third sound signals for coverages below 2.93 layers. Figure 1 shows the measured third sound speeds as a function of the helium film thickness at temperatures within about ±30 mK of 200 mK. The layer completion points for the third, fourth, and fifth layers are readily evident by the maxima in the sound velocity, and we have defined the thickness scale for these points to be separated by 1.0 layers as expected theoretically [23] . The intermediate points are scaled by the measured increments of added gas, with a linear scaling increasing by about 5% due to the increasing surface area. We also checked that the fourth layer completion point agreed to within 10% of a prediction based on the surface area of the nanotubes (350 m 2 /g) provided by the manufacturer. Previous third sound measurements on ordered surfaces have seen similar oscillations in the sound speed [9, 24] , arising from the changing compressibility of the film. By comparing with the measurement of Ref. [9] on flat highly oriented pyrolytic graphite (HOPG) we can deduce an index of refraction [25] for our powder sample as approximately 1.7.
The compressibility of the film can be computed following the calculation of Puff and Dash [26] . The speed c ′ 3 including the compressibility can be written in terms of the first sound velocity c 1 as
where c 3 is given by Eq.3 and the isentropic compressibility is K s = 1/ρc 2 1 . Using our data for c ′ 3 , the extracted values of K s are shown in Fig. 2a . The compressibility oscillates with film thickness, with minima at layer completions and maxima at half-layer points.
Temperature sweeps have been carried out at a number of fixed film thicknesses between 3 and 4.4 layers. A sample of three such sweeps is shown in Fig. 3 , where the resonant frequencies are proportional to the sound velocity, and the Q factors are the resonant frequency divided by the full width at half maximum of the power spectra resonances. At low temperatures a linear variation of the frequency with temperature is found, with the unusual property that the linear slope oscillates between negative and positive values with increasing film thickness. The observation of the positive slope in Fig. 3b near the half-layer fill (and also seen in our previous nanotube sample [22] ) shows that this is not due to a normal-fluid excitation, since that could only decrease the superfluid density, and hence the frequency. Because third sound is so sensitive to the film thickness (Eq. 3), the increase in frequency can only result from a decrease in the thickness as the temperature is raised, a negative thermal expansion coefficient. The linear expansion coefficient can be calculated from the change in the third sound velocity with temperature,
where the temperature derivative is the low-temperature slope from the experiments, and the thickness derivative is taken from the incompressible Eq. 3 (using the compressible sound speed would result in infinities at half-layer intervals). The results are shown in Fig. 2b , where the expansion coefficient is seen to oscillate between positive and negative values as a function of the film thickness, 180
• out of phase with the compressibility oscillation and increasing rapidly near the third layer completion. This is a very large amplitude of the expansion coefficient: the value for bulk liquid helium is of order 10 −5 K −1 at these temperatures. There has only been one theoretical study of layered helium films at finite temperatures, a hypernetted chain EulerLagrange method [27] . Thermal expansion was studied, but only for two thicknesses. At the third layer completion an expansion of 0.3Å was found on heating to 1.2 K, which was ascribed mainly to the thermal excitations created at the liquid surface. It would be interesting if these calculations could be carried out at the low temperatures of our measurements, which seem to be due to structural rearrangements within the film. It will be a challenge to the theory to see if the negative expansion coefficient at half-integer thicknesses seen in our measurement can be reproduced. The temperature sweeps of Fig. 3 show a marked decrease at high temperatures in both the resonant frequency and the Q ! " " (   <  5  /  =  6  ;  7  8  0  (  '  &  (  0  /  5  6  7  0  9  >  6  (  ?  (  ,  %  #  #  (  '  @  0  8  :  6  ;  A  (  ?  (  -,  "  (  0  8  :  6  ;  7   (  5  8  5  9  1  <  B  6  7  (  C  0  8 factor. We believe this is the onset of the Kosterlitz-Thouless transition where vortex-pair excitations begin to reduce the superfluid density. There is not a sharp drop in these quantities, which is likely due to finite-size effects caused by the 10 nm nanotube diameter. The theory of the KT transition on a cylindrical surface has been formulated by Machta and Guyer [28] , who find a crossover in the interaction between vortex pairs, changing from the usual logarithmic dependence on the pair separation to a linear dependence when their separation exceeds the cylinder radius. Pairs of separation greater than the radius become energetically unfavorable, and the result is a rapid cutoff of the recursion relations at the scale of the radius. This leads to a finite-size broadening of the transition, a slower decrease of the superfluid density above T KT rather than the sharp drop at T KT seen on flat substrates. Such finite-size effects have been seen experimentally with the KT transition of 4 He films adsorbed on porous materials, where the pore size is the confining length [14, 15, 29] .
Machta and Guyer [28] also calculated the frictional dissipation arising from the motion of the vortex cores in response to the finite-frequency superfluid currents of the third sound, and this turned out to be quite different from that of the porous material case. In porous materials the energy landscape seen by the vortices is quite complex, and there are strong energy barriers that restrict the current-induced motion of the vortex pairs to stay within the pore size. The limitation of the motion greatly lowers the dissipation, allowing the decrease of the superfluid density to be observed experimentally [14] over nearly 90% of the drop, where finally the third sound signal can no longer be observed. For the cylindrical geometry, however the barrier for counter-rotation of the vortices around the cylinder is quite small, and in a cycle of the motion the vortices can traverse net distances substantially longer than the cylinder perimeter. Such motion gives rise to considerable dissipation, though still less than that observed on flat substrates. It can be seen in Fig. 3 that we are only able to observe the decrease in superfluid density of a maximum of about 10% of the drop before the Q value drops so low that we can no longer observe the signal. For all of the data in Fig. 3 the attempts to observe the signal at 10 mK above the highest-temperature data point were unsuccessful, even with hour-long averaging times. Our observations are in qualitative agreement with the Machta-Guyer theory, but we are unable to carry out a quantitative check due to the rapid loss of signal right at the start of the transition. The use of a torsion oscillator technique may be better for this, which can follow the broadened transition all the way to zero superfluid density [15, 29] .
To identify the onset temperature T KT for these broadened transitions we use as a criterion the point where the Q value drops below a value of about 200. Since there are fluctuations in the Q, this leads to fairly large uncertainties in the value of T KT , of order 30-50 mK. However, since we are able to span a relatively wide range of film thicknesses between 3 and 4.4 layers (the upper limit where T KT approaches 1 K and the films begin to evaporate), the slope of the onset temperature is quite well defined, shown in Fig. 4 . We find a best-fit slope of 0.477 K/layer, a factor of three less than the KT prediction, and an onset thickness of D = 2.11 layers. Even if we had adopted the flat-substrate criterion of total loss of the third sound signal [12] , the results would be completely similar, with the values of T KT only shifted upwards by perhaps 50 mK. We found that our results for the KT onset in fact are quite similar to the flat Graphoil measurements of Crowell and Reppy [4] in the same range of film thickness (though they did not note the disagreement with the KT slope in their paper). We have plotted in Fig. 4 their results for the torsion oscillator dissipation maximum, which should be slightly above T KT , but scale with it. Our value of D is also consistent with their observation of superfluidity starting at 2.3 layers. There is one early measurement on HOPG [9] that did claim agreement with the KT line with D = 3 layers, but with only two data points, shown in Fig. 4 . The accuracy of this data is unclear, since both our results and those of Ref. [4] clearly show superfluidity below 3 layers.
One possible explanation for the disagreement with the 2D Kosterlitz-Thouless theory is if the film might in fact have 3D modifications to its structure: ripple-like corrugations on the scale of the substrate atomic structure. Theory has shown that the binding energy of a helium atom is about 20% stronger at the middle of the carbon rings than at positions right over the carbon atoms [30] . This anisotropic potential has been utilized in calculations [5] [6] [7] 31] , but only in the first and second layers. It would be interesting if such corrugation effects could be extended to the thicker films we have studied, since the energy to nucleate a vortex is directly proportional to the thickness of the film. Even a small modulation in thickness could reduce the vortex density, allowing superfluidity to extend well past the 2D KT onset, as we have seen. The observations that did find agreement with the KT slope [12, 13] were on highly disordered surfaces such as glass and Mylar,
